This study evaluates the performance of the regional operational model at Central Weather Bureau (CWB), the Nonhydrostatic Forecast System (NFS), in capturing the general distribution and eastward propagation of warm-season rainfall within the diurnal cycle in Hovmöller (longitude-time) space over the East Asian continent. The Tropical Rainfall Measuring Mission (TRMM) 0.25° rain-rates are used to evaluate the NFS coarse domain (45 km) 12 -36 h QPFs during May -August, 2002 -2005 both qualitatively and quantitatively.
INTRODUCTION
The skill of quantitative precipitation forecasts (QPFs) for the warm season at major forecast centers around the world, with Threat Scores (TS) about 0.25 -0.30, is comparatively low to that for the cold season and even the Typhoon season (Chen et al. 1991; Olson et al. 1995) . To meet the need for more accurate weather forecasts, improvement of the rainfall prediction skill in summer, when the synoptic-scale forcing tends to be weak and local forcing and thermal effects often dominate, is an urgent but challenging task (Shapiro and Thorpe 2002; Fritsch and Carbone 2004) . Using radar-derived rain-rate data, Carbone et al. (2002) reported on the coherent behavior of warmseason "precipitation episodes," defined as clusters of rainproducing systems in Hovmöller (longitude-time) space, to propagate eastward to the lee of the Rockies in the United States. Moreover, these episodes are often tied to the terrain with respect to their diurnal cycle due to solar heating (e.g., Dai et al. 1999 ) which shows a tendency to develop over the eastern slopes of the Rockies in the afternoon then propagate across the Great Plains over night (also Ahijevych et al. 2004 ). This coherent behavior together with the longevity of some episodes (reaching 60 h in duration and 3000 km in traveling distance) suggest the potential to improve warm-season QPFs (Carbone et al. 2002) . The mechanisms supporting long-lived episodes have been investigated by Trier et al. (2006) . Davis et al. (2003) examined whether the propagating signals in the US exist in current operational models, including the 22-km National Centers for Environmental Prediction (NCEP) Eta model and the National Center for Atmospheric Research (NCAR) Weather Research and Forecast (WRF) model. The authors conclude that the nocturnal rainfall maxima over the Great Plains were poorly captured, consistent with the current lack of skill in warmseason QPFs (also Davis et al. 2006) . Evident even in the 10-km WRF model forecasts, this discrepancy arises from inadequate resolution and the use of cumulus parameterization scheme (CPS), leading to unresolved internal structure (specifically the cold-pool) and consequently the lack of self-propagation of mesoscale convective systems (MCSs) in these models (Davis et al. 2003) .
In the East Asia, a major terrain feature, the Tibetan Plateau (TP), also exists, and nocturnal convection at its lee near the Sichuan Basin (SB) and surrounding peripheries, such as the southern slopes of the Himalayas, has been previously noted (e.g., Asai et al. 1998; Kurosaki and Kimura 2002; Barros et al. 2004) . Using infrared (IR) blackbody brightness temperature (T BB ) data, Wang et al. (2004 Wang et al. ( , 2005 also found propagation behavior of cloud clusters with their phase tied to the TP, in a way similar to their US counterparts. The eastward shift in the peak time of summer rainfall along the Yangtze River valley near 30°N within the diurnal cycle, from midnight at the upper reaches (the SB area, near 105°E) to morning at the middle reaches (near 110°E), then afternoon at the lower reaches (near 115°E), was recently confirmed by Yu et al. (2007) using rain-gauge data and by Johnson (2010) using the Tropical Rainfall Measuring Mission (TRMM) 3B42 merged satellite rain-rates.
As reviewed above, although the characteristics of rainfall distribution and the behavior of propagating episodes in relation to the diurnal cycle have been studied to some extent in East Asia, the performance of operational models has not been assessed as in the US (Davis et al. 2003) . Therefore, we employed TRMM 3-h rain-rates (Huffman et al. 2007) to evaluate the performance of the Non-hydrostatic Forecast System (NFS) of the Central Weather Bureau (CWB) of Taiwan in capturing the nocturnal propagation signals of rainfall episodes to the lee of the TP. Although only the coarse domain (45 km) outputs from the NFS are used and the model is not expected to perform too much differently from those examined by Davis et al. (2003) , an evaluation like the present one is still valuable for the following reasons. First, once known, the model's skill in warm-season QPFs over the East Asia will serve as a benchmark for future comparison for potential improvements. Second, the TRMM rain-rates also provide an update from Wang et al. (2004 Wang et al. ( , 2005 and allow for further documentation of the propagation behavior of rainfall episodes to the lee of the TP. Third, additional information about the performance of the NFS, perhaps unique to the East Asia, can be revealed.
DATA AND METHODOLOGY
To evaluate the performance of CWB NFS in QPFs, the dataset used in this study covered four warm seasons (May -August) from 2002 to 2005. For rainfall observations, we employ the TRMM 3B42 merged satellite rain-rates (Huffman et al. 2007) . This dataset has a horizontal resolution of 0.25° × 0.25° and is available at 3-h intervals.
The NFS model has been the operational model at CWB for regional analyses and forecasts since 2001 (Hong 2002) . This model has three domains (D1, D2, and D3) with nested grids and the horizontal grid sizes are 45, 15, and 5 km, respectively ( Fig. 1 and Table 1 ). The Arakawa-C staggering grid structure is used (Arakawa and Schubert 1974) with Lambert conformal projection and 30 terrain-following sigma (σ) levels. While one-way feedback (large to small) is allowed, all three domains have been enlarged since 27 August 2003 (Fig. 1) . Because only D1 covers the area of our primary interests, i.e., the eastern TP and its leeside, the D1 QPFs are evaluated.
The NFS performs regional objective analysis twice a day (at 0000 and 1200 UTC) using the three-dimensional (3-D) multivariate optimal-interpolation (OI) analysis scheme (Lorenc 1981; Barker 1992 ) with the 12-h forecast from the previous run as the first guess. Subsequently, updatecycle runs are executed every 12 h with a forecast length of 72 h Seng et al. 2001) . The ordinary Fig. 1 . The areal coverage of the CWB NFS three nested domains, D1, D2, and D3 (rectangular solid boxes). The three domains have horizontal resolution of 45, 15, and 5 km with dimensions of 221 × 127, 181 × 193, and 91 × 121 (for D1, D2, and D3) , respectively. The coverage of the domains prior to 2004 is also shown in dashed boxes, with dimensions of 191 × 127, 145 × 139, and 61 × 91, respectively. The topography in D1 is shaded at intervals of 250 m (scale at bottom), and the thick line depicts the 3-km height contour. The dotted box shows the domain of skill score and Hovmöller calculation (25 -40°N, 95 -125°E), used for both TRMM 3-h rainfall and NFS 3-h QPF. update cycle (OUC) method, similar to that described by Goerss and Phoebus (1992) , was used prior to December 2003. Since then, the incremental update (IU) method was implemented to perform analyses directly on σ-levels using observed deviations of variables from the local mean. The lateral boundary conditions (LBCs) of the NFS are from the forecasts of the Global Forecast System, which is the CWB operational global spectral model at a resolution of T-120 (Hong 2002; Chen et al. 2005) . The physical parameterizations of the CWB NFS include the Kuo-type CPS (Kuo 1974) , the multi-layer planetary boundary layer (PBL) scheme with turbulent kinetic energy (TKE)-ε closure (Detering and Etling 1985) , and the radiation scheme of Harshvardhan et al. (1987) . For D3, explicit simple-ice cloud microphysics of Zhao et al. (1997) is used with no cumulus parameterization. As described, the 3-h QPFs at the forecast ranges of 12 -36 h from each run during the 2002 -2005 warm seasons are evaluated here, since mesoscale models typically achieve higher skills around 24 h (e.g., Chien et al. 2002, and Fig. 2 , to be discussed later). Starting from November 2007, the CWB also employs the WRF model as a semi-operational regional model. However, since the WRF model has been evaluated in the US and the NFS is developed at CWB and thus can represent the current skill of model QPFs in Taiwan, the latter is chosen for study.
To evaluate model performance, Hovmöller plots from both the TRMM rainfall and the NFS D1 QPFs at 3-h intervals are constructed. The calculation domain is selected to be 25 -40°N, 95 -125°E (Fig. 1) , which covers the region where the downstream propagation of rainfall/cloud episodes in the warm season is the most evident (Wang et al. 2004 (Wang et al. , 2005 . The mean diurnal cycle in Hovmöller space for different periods, such as every half month, every month, or the entire data period, is also obtained. Then, results from the observation and model forecasts are qualitatively compared to assess the capability of the CWB NFS in capturing the characteristics of eastward propagation of rainfall episodes to the lee of the TP. To perform quantitative assessment, the Equitable Threat Score (ETS) and the Bias Score (BS) at forecast ranges of 0 -12, 12 -24, 24 -36, and 36 -48 h are computed [cf. Chien et al. (2002) and Hong (2003) for definition] for the same domain as Hovmöller calculation and for its sub-regions. In addition, harmonic analysis is also employed to examine the phase and amplitude of diurnal rainfall cycles for selected longitudinal bands. Figure 2 shows the ETS and BS scores obtained by the NFS D1 (45 km) 12-h QPFs for the four forecast ranges up to 48 h from both 0000 and 1200 UTC runs, using TRMM data as observations. The ETS scores only reach about 0.2 
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at the lowest threshold of 0.5 mm, and decrease to below about 0.1 for thresholds greater than 5 mm (Figs. 2a, c) . Thus, the ETS scores over the East Asian continent are no higher than typical values for the Mei-yu season (MayJune) in Taiwan, especially at higher thresholds (e.g., Chien et al. 2002; Hong 2003; Chien and Jou 2004) . From the BS, there is a clear tendency for the NFS to produce more rain at longer range, especially at thresholds from 2.5 to 10 mm (Figs. 2b, d ).
The Hovmöller diagrams of TRMM 3-h rainfall distribution between 95 and 125°E for May and July, 2002 and are shown in Fig. 3 as examples. It is clear that the rain was mostly associated with individual episodes that propagated eastward at speeds ranging from about 7 to 20 m s -1 , with intermittent, relative dry periods in between, similar to those shown by Sato et al. (2007) . The coherent propagation behavior of the episodes is more evident in May but still visible in July during the mid-summer, consistent with Wang et al. (2005) . As pointed out in Wang et al. (2004) , the synoptic-scale systems typically travel at a slower speed and can have modulating effects on rainfall episodes. Their roles, however, are beyond the scope of the present study.
Using the same method, Hovmöller plots of D1 (45 km) 12 -36 h QPFs (every 3 h) from the 0000 UTC runs of CWB NFS are shown in Fig. 4 for a comparison of general rainfall distribution. Here, since the 12 -36 h forecasts from only the 0000 UTC runs are used, outputs are updated daily by those from the run next day at 1200 UTC, where a data discontinuity occurs. Direct comparisons between Figs. 3 and 4 indicate that the NFS D1 QPFs agree with the observation in basic patterns of rainy and dry periods and in general rainfall characteristics, as the modeled rainfall is also organized into clusters having similar orientation at roughly the correct location and time (note that the time axis is shifted by 12 h in Fig. 4) . A closer examination, however, reveals differences between TRMM data and model QPFs and potential discrepancies in the NFS. First, the eastward propagation of rainfall episodes is less evident in the model during some time periods (especially in July), for example, over 2 -7 and 20 -25 July 2002 (Figs. 3b and 4b) , while the propagation tends to be slower in other periods, such as 17 -20 and 27 -30 May 2002 and 21 -25 May 2004 (Figs. 3a, c and 4a, c) . Second, the NFS model often tends to produce excessive rainfall over the eastern TP (near 95 -100°E, cf. Fig. 1 ), though less evident during the first half of May, while sometimes the rainfall was under-predicted over the leeside, for instance, during 19 -22 May 2004. Third, the rain in the model occasionally appears to start over a wide area almost simultaneously, producing a leveled pattern that bears little resemblance to the observation, such as for 29 May 2004 (Figs. 3c and 4c ). Here, it should be noted that the blank area for 25 -26 May is due to missing data rather than a lack of rain. In addition, the QPFs in 2004 exhibit variation at finer scale and contain more details than those in 2002 (Fig. 4) . Such differences are apparently linked to the change of the update-cycle method (from OUC to IU) in December 2003, the enlargement of domain D2 in August 2003 (cf. Fig. 1 ), or other improvements of the model. Overall, the NFS QPFs in Fig. 4 seem to be in reasonable agreement with the TRMM data for the general distribution 
of rainfall and the characteristics of rainfall episodes over the East Asia. Next, we examine the averaged diurnal cycle of rainfall and its phase in relation to the terrain of TP.
MEAN DIURNAL CYCLE OF RAINFALL
The mean diurnal cycle in Hovmöller space obtained from the 0.25° TRMM 3-h rainfall data for the month from May to August (2002 August ( -2005 is shown in Fig. 5 , where the eastward propagation of rainfall signals from the eastern TP to the leeside (dashed arrows) is evident throughout the warm season. Local rainfall maxima exist around 1200 UTC (2000 LST) in late afternoon-early evening at the eastern edge of the TP (near 102°E), then travel eastward across the leeside lowlands (~105°E, cf. Fig. 1 (Figs. 5a, b) . In July and August, on the other hand, the propagation is less evident and slower (at ~12 m s -1 ) but can still reach about 110°E near 0700 UTC (1500 LST), while the effects of daytime solar heating exhibit much control over rainfall over land farther east (110) (111) (112) (113) (114) (115) (116) (117) (118) (119) (120) Figs. 5c, d) , consistent with Wang et al. (2004 Wang et al. ( , 2005 . Note that over the ocean in 120 -125°E, daily rainfall peaks at about 2100 UTC (near dawn), especially from June to August. This is almost 180° out of phase from the rainfall maxima over nearby continents (Fig. 5) and agrees with the results of Murakami (1983) , Augustine (1984) , and Fu et al. (1990) .
The composites of the NFS 3-h QPFs in Hovmöller space for each month are shown in Fig. 6 . When Figs. 5 and 
6 are compared, it is evident that the downstream propagation of rainfall signals to the lee of the TP in NFS forecasts is much weaker than in the TRMM data. In MayJune when the propagation is evident, a nocturnal rainfall maximum near 105 -108°E, 1800 -0000 UTC is observed (Figs. 5a, b) . Its counterpart in the model is much less clear and seriously delayed (i.e., shifted into the daytime hours) in May, and is missing completely in June (Figs. 6a, b) . As a result, the propagation in the NFS QPFs is less discernible, considerably slower (< 12 m s -1 ), and confined to the west of 110°E in May and further limited to the west of 105°E in June. In July -August, when the propagation is still identifiable in Figs. 5c, d, it disappears altogether in the model (Figs. 6c, d) . Results from Figs. 3 -6 suggest that although model rainfall agrees with the observation in general patterns, it often occurs at an incorrect time within the diurnal cycle downstream from the TP. Thus, the propagation behavior of rainfall episodes relative to the TP in the East Asian continent is not well captured by the CWB NFS model (in its D1 QPFs) during the warm season as expected, similar to the conclusions of Davis et al. (2003) for WRF and Eta models in the US.
When compared with Fig. 5, Fig. 6 also confirms that the NFS tends to predict too much rainfall over the eastern TP, especially from May to July. Over 110 -120°E, not only there is a lack of propagation signals in the model in May -June, but much of the rain is also (zonally) stationary (Figs. 6a, b) . Moreover, the maximum rainfall over 113 -120°E occurs near 0900 UTC (1700 LST) in TRMM data but around 0000 UTC in the model, indicating a large phase error in the NFS QPFs for much of the warm season. On the other hand, the modeled rainfall is correct in phase over the nearby ocean (120 -125°E), but the amount is too high in May and August (Fig. 6) . Thus, near the coast of eastern China, the summer rainfall over land and ocean is out of phase (peaking in late-afternoon over land but early-morning over ocean) in the observation, but tends to occur during late-night/early-morning hours in both regions in the NFS.
Since there are clear deficiencies in NFS QPFs over different longitudinal ranges, we compared the mean diurnal cycles for every half month to examine the persistency of the disagreements. The disagreement between observations and model QPFs is most clear in June (Fig. 7) , when the signal east of 102°E in the model becomes weak and stationary rainfall dominates in the region of 113 -120°E (cf. Fig. 6b ). Over the eastern TP, the rainfall over-prediction (mainly during daytime hours for 0000 UTC runs) is more serious for May, the first half of June (Figs. 7a, c) , and August, compared to other periods (cf. Figs. 5 and 6 ). The phase error over the land area of 113 -120°E becomes evident beginning at about mid-June (Figs. 7b, d) , and represents one other obvious and persistent problem throughout the summer in the model. At least partially attributable to these deficiencies, the ETS scores show a drop from May to June at thresholds above 2.5 mm, and remain relatively low in July and August (Fig. 8) .
To examine whether there is some improvement in the NFS model during our data period, especially before and after the major modification in late 2003, the months of May and July in 2002 and 2004 (as in Figs. 3 and 4) were selected for comparison in Figs. 9 and 10. Although some interannual variations exist, the model performance in 2002 is quite similar to the results deduced from Fig. 6 as the propagation signals were poorly captured in both May and July (Figs. 9a,  b and 10a, b) . In 2004, on the other hand, there appears to be some improvement in model forecasts (Figs. 10c, d ). The NFS QPFs show a morning maximum (around 0000 UTC) at 105°E in May, and some propagation signals can be seen 
from 101 to 107°E even in July. Thus, the rainfall propagation to the lee of the TP, though still somewhat too slow in both months, is better captured in 2004 compared to 2002 (Fig. 10) . In the area of 95 -100°E, although over-prediction still exists, the excessive rainfall for May is reduced to some extent. The QPFs for 2004 also show more details than those in 2002 over 110 -120°E, in agreement with Fig. 4 , but the phase of rainfall within the diurnal cycle is still erroneous in this region, particularly in July (Figs. 9 and 10 ). These improvements, however, are not reflected in the overall ETS scores, which have little difference among the warm seasons (not shown). Figure 11 shows the averaged diurnal cycles of NFS 3-h QPFs from the 1200 UTC model runs in Hovmöller space from May to August, and can be compared with Fig. 6 . For each month, the two diagrams from 0000 and 1200 UTC runs in general have similar characteristics, and the downstream propagation of rainfall signals to the lee of the TP is also ill-captured in Fig. 11 . Over most regions, the 1200 UTC model runs tend to predict less rainfall throughout the summer, with exceptions near 97 -100°E in all four months and near 125°E in August, both for the period of 1200 -0000 UTC (Figs. 6 and 11 ). On the other hand, over 0000 -1200 UTC, there is considerably less rain near about 95 -105°E in the 1200 UTC runs during July -August (and in June to a lesser degree). Thus, rainfall maxima west of 100°E appear near 1100 UTC in the 0000 UTC runs (Fig. 6 ), but near 2100 UTC in the 1200 UTC runs after May (Fig. 11) . Despite this shift in timing, the total rainfall over the eastern TP seems less in the forecasts at 1200 UTC, implying that the over-prediction of rainfall there could be somewhat less serious. From 110 -120°E, the rainfall maxima produced by the 1200 UTC runs still occur near 0000 UTC throughout the warm season (Fig. 11) , similar to the results of 0000 UTC runs but different from the TRMM observation (cf. Figs. 5 and 6).
HARMONIC ANALYSIS
We selected a total of six longitudinal bands, each 3° in width, for harmonic analysis of the mean diurnal rainfall cycle using Fast Fourier Transform (FFT). This allows us to quantitatively examine the phase and amplitude of diurnal (and semi-diurnal) signals both in TRMM data and NFS QPFs. The first band was 97 -100°E over the eastern TP (cf. Fig. 1 ) where the NFS tends to significantly over-predict the rainfall (Figs. 5, 6 , and 11). The next three bands were 101 -104°E, 105 -108°E, and 109 -112°E, each separated by 1° and designed to assess the propagation of rainfall signals to the lee of the TP. The remaining two bands were 114 -117°E and 121 -124°E, used to examine rainfall distribution further east over land as well as over the nearby ocean. Figure 12 presents the Fourier decomposition of wave numbers 0 -2 from the mean diurnal cycle of TRMM 3-h rainfall in May, 2002 -2005, and  Figs. 13 and 14 show the results for June and July. From eastern TP to about 110°E, the gradual shift of the rainfall maximum towards a later time, from near 1000 UTC (1800 LST) to after 2100 UTC (0500 LST), is clear in May and June (Figs. 12 and 13) . Over 109 -112°E, the maximum rainfall occurs near 0600 UTC (1400 LST) in June (Fig. 13d) , consistent with the slower mean propagation speed and stronger daytime heating than in May (cf. Figs. 5a, b) . In July, the propagation signal at 105 -108°E shows up as a secondary peak (at 2100 UTC), compared to a slightly higher primary peak in the afternoon (Fig. 14c) , also in good agreement with Fig. 5c and Wang et al. (2005, their Figs. 11 and 12) . The Hovmöller plot for August exhibits rainfall characteristics similar to those in (a) (b) (c) (Figs. 12b and 15b ). To the leeside at 105 -108°E, on the other hand, the amplitude of model diurnal wave is much too small although the phase (peaking near 2100 UTC) is correct (Figs. 12c and 15c) . In both June and July, the observed peak time of the diurnal signal at 101 -104°E is at 1500 UTC (Figs. 13b and 14b ), but the forecast phase occurs too early (by roughly 4 h) and the peak remains in late afternoon-early evening (Figs. 16b and 17b) . Similarly, at (a) (b) (c)
105 -108°E, the phase of the diurnal wave is also incorrect for June (peaking at 2100 UTC in TRMM but at 0900 UTC in NFS), and both its amplitude and the total amount are seriously under-predicted (Figs. 13c and 16c ). In July, however, since the propagation signal also becomes a secondary peak in TRMM data, the under-prediction in amplitude appears less serious (Figs. 14c and 17c) .
Further downstream at 109 -112°E, the rainfall peaks in the afternoon at 0600 -0900 UTC (1400 -1700 LST) in June and July with a clear diurnal cycle, but the NFS forecasts showed a very small amplitude with less amount (Figs. 13d, 14d, 16d, and 17d) . At 114 -117°E, the modeled diurnal cycle (peak near 0000 UTC) is out-of-phase from the observation (peak at 0900 UTC) through much of the summer, while the two are nearly in-phase over the nearby ocean (121 -124°E). From Figs. 5, 6, and 11, it is clear that the phase error occurs consistently over a wide longitudinal range, roughly over 110 -120°E, and persists throughout the mid-summer.
The major results of the harmonic analysis are summarized in Table 2 for the first three harmonics (wave numbers 0 -2) and in Table 3 for the diurnal wave (wave number 1), together with the forecast errors. Here, the peak time (of waves 0 -2 or wave 1, in LST) is estimated to the closest hour based on the shape of the curves, and the phase error is considered positive (negative) if the model rainfall peaks later (earlier) than the observation. For the mean 3-h rainfall (i.e., wave 0) value (Table 2 ) and the amplitude of wave 1 (Table 3) , forecast errors are measured through relative error (RE), defined as
where A F and A O are the forecast and observed value, respectively. Thus, positive (negative) RE values indicate over-forecast (under-forecast).
In Table 2 , it can be seen that the NFS seriously overpredicts the total rainfall at 97 -100°E, with an excess of Table 2 . Mean value (i.e., wave 0, mm) and peak time (LST) of the first three harmonics (waves 0 -2) of the averaged diurnal cycle from TRMM 3-h rainfall (top) and NFS D1 3-h QPFs (middle) at the six longitudinal bands (each 3° in width) from May to Aug, 2002 Aug, -2005 . The peak time is estimated to the closest hour based on the shape of the curves, and an asterisk denotes that the peak corresponding to the propagation signal is a secondary peak. The relative error in mean value (see text for details) and the error in peak time of the forecasts are given at the bottom. For the peak time error, positive (negative) values indicate that the model rainfall peaks later (earlier) than the observation. The values are given in bold face with gray background if the relative error is greater than ±1/3 or the peak time error is at least ±6 h. Table 3. Same as Table 2 , but for the amplitude (mm) and peak time (LST) of the diurnal wave (i.e., wave 1) of the averaged diurnal cycle from TRMM 3-h rainfall (top) and NFS D1 3-h QPF (middle) at the six longitudinal bands from May to Aug, 2002 Aug, -2005 . The relative error in the amplitude and the error in peak time (both of wave 1) of the forecasts are also given at the bottom, in the same way as in Table 2 . Aug +1 -4 -1 -9 -9 0 nearly 1.4 times the observed amount in May -June. Over 101 -104°E, the rainfall is also over-predicted for May. From 105°E to about 120°E (bands 3 -5), in contrast, the NFS consistently produces not enough rain, especially over 105 -108°E in June -July as well as over 114 -117°E in July when the model rainfall is less than 2/3 of the observed amount. These results are consistent with the overall decrease in ETS and BS values (at the lowest threshold for ETS) from 95 -100°E to 105 -110°E, as shown in Fig. 18 . In Table 2 for June and July, to the lee of the TP (bands 2 -4), the gradual shift of the peak time (of waves 0 -2) toward the east, in accordance to the downstream propagation of signals, is evident in the TRMM data but not in the NFS QPFs. Thus, the modeled rainfall peaks increasingly too early, to almost out-of-phase from the observation east of 105°E. On the other hand, the phase of waves 0 -2 is roughly correct over bands 2 -4 in May, indicating a better performance by the model (cf. Fig. 8 ). Qualitatively, similar results can be obtained by comparing Figs. 5 and 6, and are anticipated since synoptic-scale forcing tends to have more control over rainfall events early in the warm season in May.
Longitudinal bands (°E
The forecast errors seen in Table 2 are largely related and perhaps can be attributed to the errors in phase and amplitude of the diurnal component of rainfall. As shown in Table 3 , the NFS tends to over-predict the amplitude of wave 1 when the observed amplitude is small (say, ≤ 0.05 mm). Apart from such influences, the tendency for NFS to under-predict the amplitude of wave 1 over bands 2 to 4 is quite evident after May, by typically 25 -75% (Table 3) . From 101 to 112°E, the phase of the diurnal wave (timing of the peak) also consistently shifts later toward the east in all four months in the TRMM data (similar to the phase of waves 0 -2 in Table 2 ), but not so in the model. Again, the phase error for wave 1 is at least 7 h at band 5 but within 3 h at band 6 throughout the period of May -August (Table 3) .
The results of harmonic analysis for 0000 and 1200 UTC model runs are compared at bands 1 -4 for June in Fig. 19 and summarized for May and June in Table 4 . For bands 1 -3, from the eastern TP to its immediate lee, although the 1200 UTC runs produce less total rainfall in June (as well as in other warm-season months), it is clear that such a tendency exists only during daytime (0300 -1200 UTC) while the opposite is true during the night (at 1500 -2400 UTC, Figs. 19a -c, e -g ). In other words, in a relative sense, the 0000 UTC model runs tend to produce more rain- fall during the day (near 0900 -1200 UTC), and the 1200 UTC runs at nights (near 2100 UTC). This phenomenon can be seen in Figs. 6 and 11 (west of 110°E), and suggests that the rainfall systems in the NFS D1 domain tend to be better developed near 30 h into the forecast, i.e., toward the end of the 12 -36 h period for runs at both initial times, consistent with the increase in BS toward longer ranges (cf. Fig. 2 ). The rainfall near 2100 UTC leads to a double peaked structure for bands 1 -3 for 1200 UTC runs in June (Figs. 19e -g ), and coincides with the observed propagation signal at 105 -108°E (cf. Fig. 5b ). Although this nocturnal peak at band 3 is correct in its phase (while a similar peak does not exist in 0000 UTC runs, see also Table 4 ), both the total rainfall and the amplitude of the diurnal cycle are too small (Fig. 19g , cf. Fig. 13c) . Thus, the propagation of rainfall signals to the lee is still not well captured in the 1200 UTC runs. Over 109 -112°E, the amplitude of diurnal cycle remains small in both 0000 and 1200 UTC model runs (Figs. 19d, h , cf. Fig. 13d ). In addition, Table 4 indicates that the over-prediction in total rainfall near the eastern TP (bands 1 -2) does improve to some extent in the 1200 UTC runs compared to the 0000 UTC runs, by 3 -25%, in agreement with Fig. 18 . However, from 105 -120°E, the under-prediction for rainfall also inevitably becomes more serious (by 2 -17%) in 1200 UTC model runs, especially in June at band 3. Over 114 -117°E, again, the phase for waves 0 -2 is still incorrect while the total rainfall is also somewhat under-predicted (by about 10 -20%). A comparison between the results in May and June confirms that the model indeed performed slightly better in May for both 0000 and 1200 UTC runs (cf. Fig. 8) , apart from the more serious over-prediction in total rainfall for band 2.
DISCUSSION AND CONCLUSION
Through the use of the TRMM 3B42 merged satellite rain-rates (at 0.25° × 0.25° and 3-h resolution) as observations, the 12 -36 h coarse domain (at a grid spacing of 45 km) QPFs of the regional operational model in Taiwan, i.e., the CWB NFS (also every 3 h) is evaluated, mainly for its performance in capturing the eastward (downstream) propagation of rainfall signals to the lee of the TP over the East Asian continent (inside 25 -40°N, 95 -125°E) during the warm season (May -August) of 2002 -2005. Although the NFS D1 QPFs generally agree with the observations in the basic distribution and episodic characteristics of rainfall in the study region, the propagation sig-nals in the mean diurnal cycle were poorly captured in the model throughout the warm season, with an ETS score near or below 0.2. With a nocturnal rainfall peak over the SB area, such signals are evident and can reach about 118°E in the TRMM data in May -June, but their counterparts in the NFS is unclear and confined to the west of 110°E in May and even west of 105°E in June. In mid-summer (July -August) when the propagation signals also weaken but still discernable (to about 110°E) in the observation, they were almost completely missing in the model results. Overall, model QPFs show the largest disagreement with TRMM rain-rates in June, and the least in May. The above results are similar to those obtained previously for the US Great Plains by Davis et al. (2003) , who concluded that the lack of propagation is due to inadequate model resolution and the use of the CPS. When the internal structure of the MCSs, specifically the cold-pool, is not resolved (or adequately represented) in the model, there is a lack of the self-propagation mechanism in a sheared environment (e.g., Rotunno et al. 1988) and this discrepancy arises. This is clearly the case of the NFS coarse domain at a grid spacing of 45 km. To better represent organized convection in models with intermediate resolution (about 10 km), for example, Moncrieff and Liu (2006) proposed a hybrid strategy to include the effects of stratiform heating and mesoscale downdraft in addition to those included by a contemporary CPS.
Over the eastern TP, the NFS tends to predict too much rain in May-June, with an excess up to 1.4 times the observed amount and a higher BS score. To the leeside (up to about 110°E), in contrast, the model usually predicts not enough rain with diurnal signals too small in amplitude (by about 1/4 to 3/4), especially after May when the peak time remains in late afternoon and does not shift toward a later time downstream as observed. The over-and under-prediction of rain at eastern TP and its lee can be partially attributed to the lack of eastward propagation of rainfall systems out from the plateau. Besides the above deficiency in capturing the propagation signals and the nocturnal peak near the SB area, a phase error by at least ±7 h in rainfall also occurs persistently in the NFS QPFs over 110 -120°E (peaking in the afternoon in TRMM but morning in the model) for much of the warm season since mid-June. This most likely points to a systematic delay in the development of rain-producing systems in this region, possibly related to spin-up problems in the model.
Compared to 0000 UTC runs, the 1200 UTC runs of the NFS overall produce less rainfall for most regions inside the study domain. Therefore, the over-prediction at the eastern TP is less serious, but the under-prediction to the lee (to about 110°E) is more. It is also found that rainfall systems tend to be better developed near 30 h into the forecast in runs at both initial times, i.e., toward the end of the 12 -36 h forecast range used here. Also manifested as an increase in BS values, this tendency of the NFS to become more rainy with time is most likely due to issues in the Kuo-type CPS or other physical parameterization. From the 2002 to 2004 season, although still inadequate, the NFS showed slight improvement in capturing the propagation signals to the lee of the TP, and the QPFs also became finer with more details. However, the phase error of rainfall over 110 -120°E persisted throughout the four warm seasons studied.
